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(54) Process evaluation by isotope enrichment 

(57) An evaluation of an engineering cr bioicgical process or systerr. rr.acs by treating :n9 sysia.Ti wim an 

IsotODicaiKr-^nrlched substance which flows through :he system intac cr whicr: is rhangeo ;nto another suostanc- 
containing isotope-enrichment, and a gaseous samole thereof is anar/zsd at low pressure e.g. by !ni:a-;ed specroscopy to 
measure tha intensity of a specific absorotion line of the ennched isciccic soecies whereby the corcsntration of the specas 
is calculated TTie enrichment of the measured specias lumishes imcrTrat:on aooui tha functioning of t.^.e process. In 
bio-medical testing, the tracer isdopic species used frequently are enrici^ed values cf CO. CO.. H.O or NH, :n the oraaih cr 
derived from tissues or other specimens. 
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?gOCSSS ?var/JATION 3Y ISOTOPE 5NRICHMENT 

yield of the Invention 

This invention relates to a stable isotope 
enrichment mechod for measuring the effects of a system 
or process on a substance and particularly to such a 
5 method using infra-red spectroscopy for direct 
measurement of species concentration. 
aarkaround of ♦'he Invention 

Clinical biomedical testing as well as 
engineering or scientific testing often involves the 
10 evaluation of a process occurring in the human body or 
other system. One well-known test requires that i 
substance enriched with a tracer, ■.suaily in tr.-i forn, 
of an isotope, be measured to evaluate the affect of 
the system process on that substance. 

The use of radio-isotopes for such tests is 
well documented and valuable information has beer. 
Gathered in this manner. It i3 also well Known that 
the radio-activity can have undesirable effects on 
human or other subjects exposed to che radiation and 
20 contamination of mechanical systems as well as waste 
disbosal problems make the radio-active tracer 
techniques undesirable. Another drawback is -.hat 
suitable radio-isctopes do not exist for every 
substance needed for testing. 
25 stable isotopes have also been used as 

tracers. The application of such tracers is discussed 
in the paoer, "Stable Isotope Tracer in the Life 
sciences and Medicine", Matwiyoff et al: Science, 131, 
1125 (Sep. 1973). These stable tracers have the 
30 advantages of safety since exposure to radiation is 

not necessarv. A further advantage is the wide variety 
of isotODic soecies available for use as tracers. The 
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abundant species naturally occurring in any syscem 
usually nave chemically equivalent low abundance or 
rare isotooic species suitable for use in enriciimeni: 
tests. Heretofore the practicality of such teszs has 
5 been limited by the lack of a good method of measuring 
the concentration of enriched species. ^ 
Mass spectroscopy is often used foe sucn 
stable isotope measurements, particularly for 
bio-medical applications, as set out in the above 
10 mentioned science article. These systems can be mace 
to be very accurate for ratio measurement baz t.nen roc 
the most oart, they are unable to .-nake direct 
concentration measurements. One of the ?robien,s w.-.. 
™ass spectroscopy is that some substances sue. a. 
15 carbon monoxide (CO) have mass redundancy ., i • 5 - 
different isotopes of the same molecu.e car. na-.e 
same nominal mass, so that mass separation cannot o:. 
used, thereby eliminacing some very useful species as 
tracer substances. These mass spectrometer s are very 
expensive, highly trained operators are requirec ar.a 
test results are delayed due to the extensive 
orocessing required- for sample preparation. Beca.se 
Isotooe ratio mass spectroscopy measures racios or 



soecies of different mass, any 



interfering species 



25 having the same nominal mass of the one to be measure- 
aro often oresent and must be removed prior to mass 
ratio measurement. This is not always feasible. The 
isotope ratio mass spectrometers are not general 
ourpose in the sense of being applicable to a wide 
;a"r"iety of species. Rather, to afford sufficient 
sensitivity to resolve the species of similar mass, .ne 
instrument is dedicated to operation in a rather narrow 



portion of the mass spectirum. as a result, the mass 
spectroscopy technique is useful as a research tool but 
is economically prohibited from becoming a widely 
available clinical instrument to meet the needs of 
the medical profession, 

"Determination of Carbon-13 by infrared 
spectrophotometry of Carbon Monoxide", McDowell: 
Analytical Chemistry, 42, 1192 (1970) discloses that 
mass spectrometry might be avoided for- the measurement 
of the ^'^CO/^^CO ratio in a sample that appears to be 
pure CO. The relatively broad band of the 
spectrophotometer fails ^o resolve the individual 
isotopic lines but does accomplish 2 rrud? meas-ite of 
the ratio. Neither an accurate ratio ncr an absclut^ 
concentration can be determined by this technolocy , 
Another infra-red measurement has found utility in 
automotive emissions testing, buz isotope enricnmenc is 
not used. As described in the paper by j. Hill ez al : 
"Time-Resolved Measurement of Vehicle Sulfate and 
Methane Emissions with Tunable Diode Lasers", SAE 
800510 (Feb. 1980), a tunable diode laser is used zz 
scan absorption lines of molecules in exhaust gas 
samples without regard to isotopic species- The sample 
is at a pressure too high to allow the resolution of 
fine line structure representing individual isotopic 
lines so that only a gross measurement is made. 

Infra-red absorption spectroscopy is known to 
be useful for the measurement of naturally occurring 
isotopic species. Sometimes the parameter being 
measured is the isotope spectrum, i.e., the wavelengths 
of the several absorption lines. This is shown by 
Jensen et al: Laser Focus, May 1976, which reveals 
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that tunable diode lasers were used to identify the 
spectra of nacurally occurring uranium isotopes. The 
measurement of isotope concentrations is not taught, 
in other cases the measurement of the concentration 
of an isotope is important and measurement accuracy is 
stressed.- For example, Labrle et al: Applied Physics, 
24 381 (1981)/ discloses a radio-carbon dating 
measurement using a tunable diode laser and a 
multi-oass ootical cell for measuring carbon-14 
concentration, although several hours are required for 
each measurement to achieve the accuracy called for by 
radio-carbon dating. The paper concludes that 
infra-red laser spectroscopy can used f-.r 
measurement of small abuncancss cf other statl- H-d 
radioactive isotopes. whila -.he -chn.cjs is o: 
interest, the long nieasuramenc ciae does rxo- 3e^-. en- 
needs of clinical tes-.inc. "Isc-.ooe Analysis by 
infrared Laser Absorption Soectroscocv" , Lehnar.- 
al: Apolied Physics 13, 153 (1977), discusses a 
tunablVpbS laser to examine isotope-enriched car^cn 
dioxide to identify the existence of absorption lines 
for each isotope and to measure absorption coefficient- 
at different pressures. It is suggested -hat acc^.raze 
results require a soli-.-oeam double-pass system. 

The aoDlication of infra-red methods to 
isotope measurements for detecting stable isotopes in 
bio-medical applications is briefly considered in the 
above mentioned 1973 Science article by Matwiyoff et 
al. in that paper there is no description of a 
particular infra-red system. It discusses the 
technique of ingesting a ^^C-labelled substrate, 
breathing into an .evacuated bulb, and determining the 



9XC9SS ^^Z in the breath carbon dioxide by an infra-red 
spectrometer. The difficulties in sample preparation 
are nbt revealed nor is the accuracy of the method. It 
is well icnown that the relatively broad band of any 

3 spectrometer available in that era does not very well 
lend itself to separation of isotopic species. In 
another section the paper states that while infra-red 
methods require simple inexpensive instrumentation, 
they are limited mainly to simple gases and do not 

10 provide information about the location of the isotope 
in the molecule and thus, by impiicB-.on, are inferior 
to nuclear magnecic resonar.cs 'N'MH) re .nas- 
spectrometry methods . 

The most er.cocr.?.cina work ir.r: ics t -nc tr.-:? 

15 practicality of infra-rec spectroscopy ased for s:^cLe 
isotooe measurements in biological or sncineerir.c 
systems is that of Lae -az al .3 described ir. "Tunacie 
Diode Laser Spectroscopy of stable isccooic 
Tracers-Detection and Meas^ir ement ci ^^elative Abundance 

20 of isotopic carbon Monoxide", Lee ez al: Proceedings 
of the second International Symoos i .im on Synthesis and 
.Applications of Isotcpically Labeled compounds, pages 
441-446 (1936); "High. Sesoiution Infrared Diode Laser 
spectroscopy for Isotope Analysis - Measurement of 

25 Isotopic carbon Monoxide", Lee et al : Applied Physics 
Letters 48, 619 (Mar. 1986); O.S. Patent 4,684,305; and 
"The Clinical Spectru::!", Scientific American, Dec, 
1987. This work is referred to by Partin: Mat. Res. 
Soc. Symp. Proc. vol. 90, (1987). That work showed 

30 that infra-red spectroscopy using a tunable diode laser 
and a dual path measurement cell in which one path is 
adjustable provides very accurate results and chat it 
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is well suited to the measurement of ratios of Isocopic 
species used in clinical tests of patients. The system 
is proposed as a simpler, far less expensive instrument 
than the mass spectrometer previously in use that 
could broaden the scope of tracer methodologies. That 
system uses a dual path sample cell in- which one path 
is adjustable in order to gain simultaneous 
measurements of two isotooic species (nornially 
comorising an abundant- naturally occurr-ing isotope and 
a much less abundant isotope which may be enriched) 
and the isotope ratio is measured with great: accuracy. 
The present invention is a developn,enc of iha. vo->.- 

. ,r.r fhe invention 

It is therefore an object of che iP.-/=.-- .:- -c 
15 orovide a process evaluation mechoc u.-i-g inf:-:.^-: 
spectroscopy to directly measure cor.cencratior.c c: 
isotopically-enriched matsrials. 

It is another object to provide sucn a .Tie.r.oc 
capable of obtaining such measurements without rescr- 
to isotooe ratio measurement. 

It is a further object to provide such a 
method reauiring simple single oa-.h apparatus., 
requiring minimal sample preparation and yielding raoic 
results. 

In general, the invention is carried our by 
the method of evaluating a process in a system 
containing material amenable to isotope enrichment 
comorising the steps of treating the system with a 
substance enriched with a tracer isotope, after such 
treatment, preparing a gaseous sample of material from 
the system containing a tracer species enriched w--.n 
the tracer isotope, transmitting monochromatic 



radiation through the gaseous sample at the frequency 
of an absorption line for the enriched species, and 
detecting the intensity of a spectral line for the 
enriched species in the sample to determine the 

5 concentration or the enrichment value of the tracer 
species in the sample. 
Brief Description or th e Drawings 

The above and other advantages of the 
invention will become more apparent from the following 

10 description taScen in conjunction with the accompanying 
drawings, wherein ii:<e references refer to iixe oarrs 

and wherein: 

Figures 1 and 2 are graphc vi-h ii r.-: -. 
vertical scales of spectral lines or. carbon .nc--:.= -.c- .r. 
15 human breath illustrating che technolcgy •j--lL:.=c in 
the method of the ir.ven-.ior. , 

Figure 3 is a schematic •iiacram of an 
apparatus for carrying ou- the me-hod of the inven-.ion.. 
and 

Figure 4 is a graph of line incensi-.ies m a 
high resolution spectrum of isotopic species. 
n^ln^^nrion of th ^ Preferred Embodiment 

The method of the invention is described 
chiefly in terms of bio-medical applications, ai-.nough 
25 some industrial process control or engineering testing 
applications will occur to those who become familiar 
with the invention. The success of the applications 
depends on making measurements with sufficient accuracy 
to suit the needs of the application with relatively 
30 inexpensive equipment. It has been demonstrated that a 
single path infra-red spectroscopic instrument with 
sensitive detection can produce signals with excellent 
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3ignal-to-noise ratio suitable for analysis of very low 
^sotopic soecies analysis in human breath. Two 
spectroscopy techniques are presented here for use with 
the method of the invention, one technique being 
5 especially attractive for the accurate detection of low 
isotopic species concentration and the other technique 
being simpler and preferred for larger concentrations.- 

one of the techniques employs second harmonic 
detection. It is well known and need not be detailed 
10 here. Further inforniation is found in the paper of 
Reid at al: " second-Harmonic Detection with Tunable 
Diode Lasers - Comparison of Experiment and Theory", 
Aool. ?hys. 325, 20--210 (1931) which is Lnccrpora.ee 
herein by reference. Figures 1 and 2, vhich dirfe: 
only in that Figure 2 has an exoandei .-ertical scale, 
show a second harmonic dececcion c-ve representing 
the absorption lines for natural isotopic abundance of- 
carbon-12 and carbon-13 species of CO. The -C-'O pea-: 
reocesents a concentration of one to .en parts oer 
hundred million. The lines were cbcair.ed for a 3a.^cie 
of human breath from an individual w.-.h water vapor 
comoved and no other processing. The sample was neli 
at a pressure of 3200 ?a (24 torr), and was scannec 

^. , •., n- 20 Tjo'-res bv radiation from 

through a patn leng.n o-. ni » 

a tunable diode laser. The line peak is related to tae 
concentration of the measured species by a working 
curve obtained by calibration of the instrument using 
standards of known concentration. This elegant 
procedure is exceptionally good for measurement of 
very low concentrations but a si.-npler more direct 
technique, described below, is used where larger 
concentrations are to be measured. In each case the 
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measurement of species ratios is not required. Sach 
approach uses the same basic spectroscopy instrument. 

Typical apparatus foe carrying out the method 
is shown in Figure 3. The apparatus includes a tunable 
diode laser 10, a power supply 12 for the laser 10, and 
a temperature controller 14. The laser is conveniently 
of the lead salt type described in the U.S. Patents 
4,350,990 and 4,136,355 to Lo and 4,577,322 and 
4,608,694 to Partin, but may also be o^ the GalnAsSb 
types, such lasers are tuned by varying the operacirg 
temperature and are available for operacion in the 
wavelength range of 2.5 to 30 .Tiicrome-.ras The :.^3^-: 
can be scanned over a sniall band, say -to-iz 0 . z 1 
cm'^, at a rats of 300 cycles per second. Th* ia-r 
can also be tuned to emit az a pre--- wavsl-.c-:- 
without scanning action -= specifically targe, ar. 
absorntion oeak, for example. Aiterna- vely , scannirc. 
or sweeping action allows the e-ite 2bsor?r.ior. curve 
related' to a'singie line to be measured in detail. 3y 
varying the in jection .current, operating parameteri of 
the laser system can be adjusted for a variety of 
isotopes and molecules. Any infra-red active molecule 
with a. suitable spectrum can be studied by this syster,. 
The system therefore would be versatile rather tnar, 
dedicated to a si.icle isotopic species. The isotopic 
soectral lines are well resolved, thus eliminating any 
background interference like that encountered in 
conventional mass spectrometry. 

The GalnAsSb types of lasers mentioned above 
30 are in a class of shorter wavele.ngth diode lasers 
comoosed of III-V compounds involving some of the 
following elements: Al , Ga, In, ?, As and 3b, as 
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described by caneau at al; "cw operation of 
GainAsSb/AlGaAsSb lasers up to 190 K", Appi . Phys. 
Lett. 49, 55 (1986). These lasers may not emit at the 
fundamental vibration-rotation frequencies but are 
utilized for combination or overtone bands along with 
the mors sensitive detecting schemes for stable isotope 
analysis. These shorter wavelength lasers operate at 
relatively high heat-sink temperatures and with shorter 
wavelength infra-red detectors, thereby, facilitating 
the use of inexpensive coolers such as thermo-electric 
coolers, or require no cooling below room temperature. 

Still another laser source is a Dand-a.l-gnec 
super-lattice laser which has the po-ential :f •o-mc 
fabricated for room temperature ocera-icn. 5.!ch 5 
laser is described by Yuh al ; "Nov-, infra 
band-aligned superlattics laser", Apcl . ?nys . Let;., 

51, 1404 (1987) . 

Laser radiation passes thcoucr. a chopper 
and a lens system 13 to a grating spectrometer 20 which 
passes a single optical" mode. The laser is tuned so 
that this mode spans the absorption line of the desired 
isotopic molecule. -The radiation then passes throach a 
cell 22 containing the sample gas. A dececzoc 23 
senses the radiation which passes the call 22 and a 
25 signal processor 30 processes the detector signals and 
provides an output on display 32. In practicing the 
second harmonic detection technique t.he chopper can be 
omitted and the injection current is varied to modulate 
the radiation. In addition the signal processor is 
equipped to analyze the signal in accordance with 
second harmonic detection. To carry out the method of 
the invention some variations on the basic apparatus 
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will occur to the user. For example, the omall amount 
of noise present on the baseline of the Figure 2 curve 
is due mainly to optical noise originating in the 
refractive optics. That noise source can be 

5 eliminated by the substitution of off-axis parabolic 
mirrors for the lenses. Then even smaller 
concentrations of an isotonic species can be measured 
without interference from noise. For single mode 
operation, the grating spectrometer earn also be 

10 by-passed. 

aiological or engineering tes-i, for 5X=.;7icl9. 
often involve the measurement of ma-aria: wh::r. passes 
through a subject or system or ...-dsrgcri- = :::.vc^i-i 
which may involve a chemi.al cha.nge --.e mar.-i-i;l. 

15 Accordi.ng to the invention., by e.-:icning tn- 7iar.5r:=.: 

with a stable isotope cf a moleruiar c-.sti- jer.-, o: -.h- 
material, the amount of tne :Tiateria: whic- pass- -.o 
another part of the system or undergoes a rne-ical o: 
biological change can be measured in -er-,s of -.ha 

20 absolute concentration in a sample taken from the 

system or subject. The measurement is -ace on a single 
.absorption line in the spectra of the tracer isotooic 
species. Such a line. is selected from a region free 
from interference from other species and the sample 

25 requires no preparation other than removal of water 
vapor and maintaining a low pressure to eliminate 
pressure broadening of the spectral lines. It is not 
necessary, as in the case of isotope ratio mass 
spectrometry to measure the ratio of the enriched 

30 substance to another substance. Rather, the 

concentration is measured directly from the radiation 
intensity at the spectral line along with a measurement 
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of the incident raciacion intensity. Possible errors 
in deriving concsntracion values from ratiometric 
techniques are avoided. 

In bio-medical testing, a subject may be 
administered an isotopically-enriched or tracer 
substance and after the substance has undergone a 
physiological process it is deposited in a tissue or 
"it is excreted. Very often such tests involve tracers 
which are converted to. carbon dioxide, carbon monoxide, 
ammonia or water in the breath. Then a" breath sample 
is taken by collecting a sample of breath that is 
exhaled from the subject. The watar /apoc is than 
removed from the sample (unless the vi-.ar v^.-o: i-.ssl^ 
is being tested) and the sample is i.ncroduc9<: :r i 
sample cell at a low pressure, say, of 3 ICO 
(24 torr). Radiation at r.he fraquency o? an 3bcor?c:.on 
line of the isotopic tracer species of mteresr is 
transmitted through the cell and its" intensity.. I, 13 
measured after passing through the cell. To determine 
the absolute concentration value a measure of ih-i 
incident radiation intensity, Ig, is needed. That 
value is obtained by evacuating the cell and measuring 
the intensity of the transmitted radiation at the same 
frequency after passing through the evacuated cell. 
AS illustrated in Figure 4, another method of obtaining 
the incident radiation intensity, Iq, is by tuning the 
frequency of the raciacion to a value, f ^ , just off the 
line, that is, near the absorption line but not subject 
to absorption by thac line. The concentration of the 
tracer species is determined from the 3eer-Lambert law: 
I ^ I e~^^^ where p is the. partial pressure of the 
isotopic molecule (torr), 1 is the path length (cm) 
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and a is the soectrai absoconion coefficient of the 
isotopic molecule. In iihe case of breath samples, the 
isotopically-enriched substance is often enriched with 
carbon-13, oxygen-18 or nitrogen-15 and the resultant 
tracer species is usually carbon dioxide, carbon 
monoxide, water or ammonia. Thus two concentration 
measuring techniques are available without reference to 
other isotopic species- Sach has its use depending on 
the physiological function under study- 
As revealed in US patent 4,634,305, some 
studies using CO involve the intaka of oxygen-13- 
labelled ozone (^^03) or nicrocen J-oxiie (N-^O-; - d 
determining the tracer deposited ;n t-.33:ue.; 
preparing a gaseous samcie conuaining CO from -r-^ 
tissue, and measuring cT.s C'^O/C-^ ratlz a-.d r.--. 
determining the ratio enrichment in the sample. T.:e 
present invencion allows zhe direct measi;r JT.ant c : tne 
C^^O concentration wi-noc-. refecancs to 5 C-°0 
measurement. The gaseous sample is in-.rocucsd to 
the sample cell at a low pressure. Ther. or-.s of tr.a 
concentration-measuring techniques is employed zo 
obtain a direct m'easure of the tracer ccncer. -.ration in 

the sample- 

The well-'<nown glucose tolerance -33- ia 
usually carried our by taking a series of blooc samples 
following ingestion of a quantity of glucose, and rhen 
analyzing the b^ood samples to provide results ar some 
later time. This invention allows an easier test 
procedure, especially from the viewpoint of the 
subject, and furnishes nearly immediate results. The 
glucose administered to the subject is labelled with 
carbon-13. The subject's breath is sampled initially 
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to obtain a refarencs sample and then sampled 
periodically following She oral administracion of the 
labelled glucose. The labelled glucose is a precursor 
to carbon dioxide in the breath so that the samples are 
measured to determine the carbon-13 isotopic species in 
the breath. Water is removed from each sample, usually 
by freezing or trapping, and the absolute concentration 
of the tagged is measured in a few minutes. The 

concentrations of the samples reveal the profile of 
the physiological processing of the glucose, and this 
is independent of the presence of CO^ in the breath 
from any other source. The enrichment of sach sample 
is determined by the simple comparison wic:-, cha 

reference sample. 

It will thus be seen that the ni-=incd r.::i 

invention mai<es vas>o ^'J-- 

by the use of stable isotopic tracers through the 
direct measurement of isotopic species concentcaiion 
independently of other species in the sample. The 
method takes advantage of known apparatus v^hich is 
relatively inexpensive so that the clinical applicati^^n 
of the method can be made available throughout the 
medical community, although industrial apcLLcat.cns are 
■ also oractical. The method requires minimal sa.ticie 
pr-oaration, especially when a gaseous sample is 
available, and the results can be obtained rapidly, 
in addition, for physiological applications the tests 
are, in most cases, conducted non-invasively . 
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Claims: 

1. A -nethod of evaluating a process in a 
system containing material amenable to isotope 
enrichment comprising the steps of: treating the 
system with a substance enriched with a tracer isotope 
after such treatment, preparing a gaseous sample of 
material from the system containing a tracer species 
enriched with the tracer isotope,- maintaining the 
gaseous sample at a pressure where a cTistinction 
between an absorption line of the tracer species anc 
the absorption lines of related isotopic species Ls 
discernible; transmitting Hionochromat ic Ladidt.-.3r. 
through the gaseous sample at the frequency -•: ir- 
absorotion line for the enriched 3pec— 3; a-.a 
detecting the intensity of a spectral lir.^ :o: ih- 
enriched species in the sample to decerrnincr zr.z- 
enrichment value of the tracer species in the sarr.ol-. 

2. A method of evaiaatinc a process In a 
system containing material amenable to isotope 

20 enrichment according to claim 1.- in which the me-.hod 

includes the steps of deterniining an incident radiation 
level by transmitting radiation through tne sample iz 
a radiation frequency just off the absorption line and 
detecting the incident incensiry, and determining the 

25 enrichment value from the relative detected . 

intensities. 

3. A method of evaluating a process in a 
svstem containing material amenable to isotope 
enrichment according to claim 1, in which a reference 
value of intensity is determined by detecting the 
radiation in the absence of an absorbing sample, and 
calculating the enrichment value from the ratio of 
the detected intensities. 
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4. A mechod of evaluating a process in a 
system containing material amenable to isotope 
enrichment according to claim 1, in which the 
transmitting step comprises modulating the radiation 
frequency and sweeping the radiation frequency over 
an absorption line of the enriched species, and che 
detecting step comprises harmonic detection of tne 
transmitted radiation. 

5. A method of evaluating a process in a 
svstem containing material amenable to isotope 
enrichment according to claim 1, in which the .et.cd 
includes the steps of: prior to the enrichmenc 
treatment, preparing a raf-.rer.ce ga.ec.s same... :. 
material containing a non-enriched qi:a.vzir.y - •: 
tracer species; perforTning che trar.smitc inc .r.d 



detecting steps to derive a reference 3?3cr.-3. 
int-nsitv for the tracer snecies, and deterxm.ng 
the enri'chment value from the i.f-rsnce b..wee. .ne 
reference spectral line intensity and the enr.cned . 
soectral line intensity: 

6. A method of evaluating a process in a 
system containing material amenable to isotope 
enrichment according to claim 1, in which a plur.a..cy 
of enriched samples are taken ac different times or 
oiaces and measured for enrichment values to determine 
variations in enrichment quantities. 

7 A method of evaluating a process m a 
system containing material amenable to isotope 
enrichment according to claim 1, in which the method 
is that of evaluating a physiological function xn a 
subject bv a stable isotope tracer, and comprises 
the steos of: administering to the subject an 
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isotopicaliy-enriched substance which is subject to 
the ohysiologicai function and which isotope is 
eventually expired in the form of an isotopicaily- 
enriched gaseous species; after such treatment, 
collecting a breath sample from the subject; 
maintaining the gaseous sample at a pressure 
sufficiently low as to allow a distinction to be made 
between an absorption line of the enriched species and 
the absorption lines of related isotop'ic species,- 
transmitting said monochromatic radiacion fcnrcugh ihe 
breath sample at the frequency of =..n dbscrp-io^ :\n£ 
the enriched species, and •ie-.-flnq i ic f: " ; : - - 'i 
the related spec-ral line f.;.c i.-.r i:r.f;- . 3;:-.:. =3 a- 

a measure of tne ooncer.t : a--icM -.he -i-.;n=d .^pe-.l-- 

15 in the sample. 

8, A-.methcd of eviriuatinc a process i" = 
system containing matsrial imendbls -.0 isotope 
enrichment according to claim i, in which the method 
is a method of evaluating 2 physioiogics: func-ion i- 
a subject by a stable isocccs tracer a-.d co.upcises tr.e 
steps of: administering to che subject an 
isotopically-enriched subscance which is subjec-. co 
the physiological function and which iscrope is 
deposited as an enriched species in a biological 
specimen; after such treatment, preparing from the 
specimen a gaseous sample containing a specie enriched 
with the isotope tracer; maintaining the gaseous sample 
at a pressure sufficiently low to allow said 
distinction to be made between an absorption line of 
the enriched specie and the absorption lines of 
related isotopic species; transmitting said 
monochromatic radiation through the sample at the 
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fraauency of an absorpcion line of =he enriched 
species; and dececting the intensity of the related 

spectral line. 

9. A method of evaluating a process in 

3 a system containing material amenable to isotope 

enrichment according to claim 3, in which the staole 
isotope tracer is carbon-13 and the anriched species m 
the gaseous sample is carbon dioxide enriched with 
carbon-13. 

10. A method of evaluating a process in a 
system containing material amenable to isotope 
enrichment according to claim 3, in which zhi sc^bx^ 
isotope tracer is a low abundance iso-oo-i of -i:oo- 
oxygen and the anriched species lo cr,^ gasazu^ ■;a!r.r.;.e 

15 is carbon monoxide. 

11. A method of ev3luac:.-g a proc&i^-b i.. = 
system containing material amenable to isccope 
enrichment according to clai,. 3, in whi-. the s.^D-e 
isotooe tracer is oxygen-13 and the enriched 3?ecies 
in the gaseous sample is water vapor enriche-- wi-.n 
oxygen- 18 . 

12. A method of evalaacir.c a ccdcsss \r. s. 
system containing material amenable to isocope 
enrichment according to claim 3, in which the sr.o.e 
isotooe tracer is nitrogen-15 and the enriched species 
in the gaseous sample is ammonia enriched witn 

nitrogen-15 . 

13. A method of evaluating a process in a 

system containing material amenable to isotope 
enrichment according to claim 1, in which the method 
is a method of evaluating a physiological process -- 
subject by infra-red spectroscopic analysis of an 



20 



25 



30 



in a 
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onriched soecies, and comprises the steps of: 
pr-oaring a substance enriched with a tracer isotope 
Which is a precursor of an enriched isotopic species to 
be measured; preparing a first gaseous saniple from a 

5 subject; transmitting infra-red radiation through the 
aaseous sample, at the frequency of an absorption line 
of the isotonic species to be measured; detecting the 
int-nsity of ' the resultant spectral line to measure the 
concentration of the isotopic species in the sample; 

10 treating the subject with the isotope-enriched 

substance and then preparing a second gaseous sai^ole 
from the subject; repeating the transmitting ar. 
det-ctina steos for the second sampl.; and comp.-: .nc 
the measured concentrations of said isotope sa:. 

15 f,-r3t and second gaseous samples,, to tnereoy :vve=, 

the effect of the physiological ptocass on ^be enr-.cns.: 
substance. 
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